Cardiac calsequestrin-null mice (Casq2 Ϫ/Ϫ ) display catecholaminergic ventricular tachycardia akin to humans with CASQ2 mutations. However, the specific contribution of Casq2 deficiency to the arrhythmia phenotype is difficult to assess because Casq2 Ϫ/Ϫ mice also show significant reductions in the sarcoplasmic reticulum (SR) proteins junctin and triadin-1 and increased SR volume. Furthermore, it remains unknown whether Casq2 regulates SR Ca 2ϩ release directly or indirectly by buffering SR luminal Ca 2ϩ . To address both questions, we examined heterozygous (Casq2 ϩ/Ϫ ) mice, which have a 25% reduction in Casq2 but no significant decrease in other SR proteins. Casq2 ϩ/Ϫ mice (nϭ35) challenged with isoproterenol displayed 3-fold higher rates of ventricular ectopy than Casq2 ϩ/ϩ mice (nϭ31; PϽ0.05). Programmed stimulation induced significantly more ventricular tachycardia in Casq2 ϩ/Ϫ mice than in Casq2 ϩ/ϩ mice. Field-stimulated Ca 2ϩ transients, cell shortening, L-type Ca 2ϩ current, and SR volume were not significantly different in Casq2 ϩ/Ϫ and Casq2 ϩ/ϩ myocytes. However, in the presence of isoproterenol, SR Ca 2ϩ leak was significantly increased in Casq2 ϩ/Ϫ myocytes (Casq2 ϩ/Ϫ 0.18Ϯ0.02 F ratio versus Casq2 ϩ/ϩ 0.11Ϯ0.01 F ratio , nϭ57, 60; PϽ0.01), resulting in a significantly higher rate of spontaneous SR Ca 2ϩ releases and triggered beats. SR luminal Ca 2ϩ measured using Mag-Fura-2 was not altered by Casq2 reduction. As a result, the relationship between SR Ca 2ϩ leak and SR luminal Ca 2ϩ was significantly different between Casq2 ϩ/Ϫ and Casq2 ϩ/ϩ myocytes (PϽ0.01). Thus, even modest reductions in Casq2 increase SR Ca 2ϩ leak and cause ventricular tachycardia susceptibility under stress. The underlying mechanism is likely the direct regulation of SR Ca 2ϩ release channels by Casq2 rather than altered luminal Ca 2ϩ . (Circ Res. 2007;101:617-626.) Key Words: calsequestrin Ⅲ ventricular arrhythmia Ⅲ SR Ca 2ϩ leak Ⅲ SR free luminal Ca 2ϩ Ⅲ catecholaminergic polymorphic ventricular tachycardia C ardiac calsequestrin (Casq2) is a low-affinity highcapacity Ca 2ϩ -binding protein 1,2 located in the junctional sarcoplasmic reticulum (jSR) of mammalian myocardium. 3 The jSR in heart serves as the principal site for Ca 2ϩ storage and release, 4 where Casq2 appears as a densely staining protein in the lumen of the jSR on electron micrographs. 5 At this site, Casq2 forms a quaternary complex 6 with the sarcoplasmic reticulum (SR) Ca 2ϩ release channel (cardiac ryanodine receptor [RyR2]) and with the jSR membrane proteins triadin-1 7 and junctin. 8 Casq2 has been thought to play a pivotal role in the regulation of cardiac Ca 2ϩ storage and release required for excitation-contraction coupling in mammalian hearts. 9 Surprisingly, our recent studies in Casq2-null (Casq2 Ϫ/Ϫ ) mice, 10 and observations from homozygous nonsense CASQ2 mutations in humans who are presumed to lack CASQ2, 11 show that Casq2 is not essential for survival. Nevertheless, exercise-challenged Casq2 Ϫ/Ϫ mice display polymorphic ventricular arrhythmias, and Casq2 Ϫ/Ϫ ventricular myocytes have increased SR Ca 2ϩ leak, causing dysfunctional SR Ca 2ϩ release and triggered beats. 10 Likewise, humans homozygous for nonsense CASQ2 mutations exhibit catecholaminergic polymorphic ventricular tachycardia (CPVT). 11 Controversy remains as to how loss of Casq2 causes SR Ca 2ϩ leak and CPVT. SR Ca 2ϩ release is strongly regulated by [Ca 2ϩ ] in the lumen of the SR, with the propensity of Ca 2ϩ release increasing in steep nonlinear fashion with increasing luminal [Ca 2ϩ ]. 12,13 Thus, decreased luminal SR Ca 2ϩ buffer-
ing by loss of Casq2 may increase SR luminal [Ca 2ϩ ] and could explain the phenotype of Casq2-null mice. On the other hand, bilayer studies have demonstrated that removal of Casq2 increased RyR2 open probability at fixed luminal [Ca 2ϩ ]. 14, 15 These data suggest that Casq2 may directly regulate the RyR2 Ca 2ϩ release complex, independent of any effects on SR Ca 2ϩ buffering. Unfortunately, complete ablation of Casq2 in mice induces compensatory responses that include a significant increase in the SR volume and near absence of the Casq2-binding proteins triadin-1 and junctin, 10 making it difficult to use this model for studying the regulation of SR Ca 2ϩ release by Casq2. Furthermore, it is possible that these adaptations also contribute to the arrhythmia phenotype. To address these 2 issues, we studied Casq2 heterozygous (Casq2 ϩ/Ϫ ) mice, which have reduced Casq2 but no significant changes in triadin-1, junctin, or other SR Ca 2ϩ binding proteins. 10 Our studies show that heterozygous Casq2 ϩ/Ϫ mice have increased diastolic SR Ca 2ϩ leak, resulting in spontaneous SR Ca 2ϩ releases and triggered beats in Casq2 ϩ/Ϫ myocytes, and ventricular ectopy and inducible ventricular tachycardia (VT) in vivo. Importantly, when plotting SR Ca 2ϩ leak as a function of free [Ca 2ϩ ] in the SR lumen (to correct for any differences in SR Ca 2ϩ buffering in Casq2 ϩ/Ϫ myocytes), leak remained significantly higher in Casq2 ϩ/Ϫ compared with Casq2 ϩ/ϩ myocytes. We conclude that even a modest reduction in Casq2 protein increases arrhythmia susceptibility. The underlying mechanism seems to be a direct modulation of the RyR2 SR Ca 2ϩ release complex by Casq2 rather than increased [Ca 2ϩ ] in the SR lumen.
Materials and Methods

Animal Model
Isolated cardiomyocytes were incubated with 5 mol/L of the low-affinity Ca 2ϩ indicator Mag-Fura-2 acetoxymethyl ester (AM) (Molecular Probes Inc, Eugene, Ore) for 30 minutes at 37°C. Cells were then washed twice for 10 minutes with 1.2 mmol/L Ca 2ϩ Tyrode solution and kept at 37°C for another 1 hour for washout of the indicator from the cytosol. Cells were used within a 3-hour time period for experiments. With this protocol, 60% to 80% of the myocytes consistently exhibited down-going twitch and caffeine transients ( Figure 8A and 8C) , indicating that the fluorescence signal originated preferentially from SR.
Measurement of Diastolic SR Ca 2؉ Leak
Diastolic SR Ca 2ϩ leak was measured using the protocol described previously. 10 Fura-2-loaded cardiac myocytes were field stimulated at 1 Hz until they reached a steady-state Ca 2ϩ transient height. Stimulation was then switched off, and the external solution was quickly changed to Tyrode solution 0Ca 2ϩ , 0Na ϩ to eliminate transsarcolemmal Ca 2ϩ fluxes, resulting in a new steady-state [Ca 2ϩ ] i . When RyR2 channels are inhibited by 1 mmol/L tetracaine (in Tyrode solution, 0Ca 2ϩ , 0Na ϩ ), Ca 2ϩ shifts from the cytosol into the SR. The tetracaine-induced drop in diastolic Fura-2 fluorescence ratio was used as an estimate of SR Ca 2ϩ leak, which is insensitive to changes in SR Ca 2ϩ uptake. 16 Then the myocytes were exposed for 4 seconds to 0Ca 2ϩ , 0Na ϩ Tyrode solution containing 10 mmol/L caffeine and 20 mmol/L 2,3-butanedione monoxime (to prevent myocyte hypercontracture). The amplitude of caffeine-induced Ca 2ϩ transient was used as an estimate of total [Ca 2ϩ ] i , which included the Ca 2ϩ leak ( Figure 7A ). The "load-leak" relationship shown in Figure  7C was constructed by grouping cells with similar total [Ca 2ϩ ] i .
To measure the relationship between free Ca 2ϩ in the lumen of the SR ([Ca 2ϩ ] SR ) and diastolic SR leak, we used a similar protocol in myocytes loaded with the low-affinity Ca 2ϩ indicator Mag-Fura-2 AM ( Figure 8A and 8C). In these cells, when tetracaine application shifted Ca 2ϩ from the cytosol into the SR, the Mag-Fura-2 fluorescence ratio increased ( Figure 8C ). This tetracaine-induced rise in diastolic free [Ca 2ϩ ] SR was used as a measure of SR Ca 2ϩ leak. The depth of caffeine-induced Ca 2ϩ transient was used as a measure of free [Ca 2ϩ ] SR . To create the free [Ca 2ϩ ] SR versus leak graph ( Figure  8D ), SR Ca 2ϩ content was modulated by exposing the cells to Tyrode solution containing different Ca 2ϩ concentrations (0.2, 2, 5 mmol/L). The composition of Tyrode solution 0Ca 2ϩ , 0Na ϩ was (in mmol/L): LiCl 134, KCl 5.4, MgCl 2 1, EGTA 1, glucose 10, and HEPES 10, pH adjusted to 7.4 with LiOH.
Statistical Analysis
All experiments were done in random sequence with respect to the genotype, and measurements were taken by a single observer who was blinded to the genotype. Differences between groups were assessed using a 1-way ANOVA (for normally distributed parameters) or by Kruskal-Wallis test (for incidence of premature ventricular contractions [PVCs]). If statistically significant differences were found, individual groups were compared by using Student's t test or nonparametric tests as indicated in the text. Results were considered statistically significant if the probability value was less than 0.05. Unless otherwise indicated, results are expressed as arithmetic means and SEM.
Results
Heterozygous Casq2 ؉/؊ Hearts Have a Twenty-Five Percent Decrease in Casq2 Protein
We previously noted a modest decrease in Casq2 protein in heterozygous Casq2 ϩ/Ϫ hearts. 10 To more accurately determine Casq2 protein expression in heterozygous Casq2 ϩ/Ϫ hearts, Casq2 was independently quantified by immunoblot of whole-heart homogenates and SR microsomes and by 45 Ca 2ϩ -binding assay of the SR microsomes ( Figure 1A) . These experiments consistently demonstrated a 25% reduction of Casq2 protein in Casq2 ϩ/Ϫ compared with Casq2 ϩ/ϩ hearts. We have previously shown that the 3 Casq2 protein partners located in the jSR, RyR2, triadin-1, and junctin were not significantly different from wild-type Casq2 ϩ/ϩ littermates. 10 Calreticulin is the major Ca 2ϩ -binding protein in the endoplasmic reticulum of nonmuscle cells. To test whether calreticulin was changed to compensate for the decrease in Casq2, we next quantified calreticulin in whole-heart homogenates of fetal (15 days post conception) and adult (12 weeks) mice. Although easily detectable in fetal hearts, calreticulin was 15-fold lower in adult hearts ( Figure 1B ). Calreticulin was not significantly changed in heterozygous Casq2 ϩ/Ϫ or homozygous Casq2 Ϫ/Ϫ hearts ( Figure 1B ).
A Modest Decrease in Casq2 Does Not Affect SR Volume
Ablation of the Casq2 gene causes a detectable decrease in the density of the lumen of the jSR cisternae because of absence of Casq2. 10 Despite complete loss of the major Ca 2ϩ buffering protein, SR Ca 2ϩ content was largely maintained in Casq2 Ϫ/Ϫ myocytes, apparently by a 50% increase in the SR volume fraction. 10 Here, the effect of a more modest reduction in Casq2 protein expression on SR volume was examined using quantitative electron microscopic analysis of heterozygous Casq2 ϩ/Ϫ hearts. There were no differences in dyad structure between the 2 groups: Casq2 was readily visible within the flat jSR cisternae and had the characteristic "beaded" appearance ( Figure 1C ). The SR volume fraction (SR volume per total myocyte volume, percentage) was not statistically different between Casq2 ϩ/ϩ and Casq2 ϩ/Ϫ hearts (Casq2 ϩ/ϩ 1.42Ϯ0.58, nϭ141 images, 47 cells, 3 mice, versus Casq2 ϩ/Ϫ 1.35Ϯ0.53, nϭ177 images, 59 cells, 3 mice; Pϭ0.45; data are meanϮSD). Similarly, the relative SR surface area (SR surface area per total myocyte volume, micrometers squared per micrometers cubed) was also unchanged in Casq2 ϩ/Ϫ hearts (Casq2 ϩ/ϩ 0.31Ϯ0.12, nϭ141 images, 47 cells, 3 mice, versus Casq2 ϩ/Ϫ 0.32Ϯ0.13, nϭ177 images, 59 cells, 3 mice; Pϭ0.25; data are meanϮSD). Together, these data indicate that the modest reduction of Casq2 protein in Casq2 ϩ/Ϫ mice does not trigger a compensatory increase in the SR volume.
Casq2 ؉/؊ Mice Have an Increased Incidence of Ventricular Ectopy on Catecholamine Challenge
Casq2 ϩ/Ϫ mice display normal cardiac contractility without any evidence of heart failure, hypertrophy, or myocardial fibrosis and have normal ECG parameters including QTc interval. 10 To test whether Casq2 ϩ/Ϫ mice display an arrhyth- was not different between the 2 groups: in both, the jSR cisternae associated with the wide T tubules (T) were extended, flat, and had an electron dense luminal content with a beaded appearance.The jSR luminal protein is calsequestrin, and the beaded appearance is attributable to its interaction with triadin and junctin. 30 mia phenotype, we next recorded ECGs in anesthetized mice after isoproterenol challenge. Isoproterenol caused frequent PVCs (Figure 2A ) and rarer episodes of nonsustained VT ( Figure 2B ) in anesthetized Casq2 ϩ/Ϫ mice. On average, Casq2 ϩ/Ϫ mice had a significantly higher rate of PVCs compared with Casq2 ϩ/ϩ mice and a lower rate compared with Casq2 Ϫ/Ϫ mice ( Figure 2C ).
To further quantify arrhythmia susceptibility, we subjected 7 Casq2 ϩ/Ϫ mice and 6 Casq2 ϩ/ϩ littermates to programmed stimulation, a technique recently used to demonstrate the arrhythmia phenotype of another murine CPVT model. 17 There were no significant differences in heart rate, PR interval, Wenckebach cycle length, atrioventricular node effective refractory period, or ventricular effective refractory period. Interestingly, programmed ventricular stimulation induced VT in 3 of 7 Casq2 ϩ/Ϫ mice, even in the absence of isoproterenol ( Figure 3A ). In the presence of isoproterenol, ventricular effective refractory period was significantly shorter in Casq2 ϩ/Ϫ compared with Casq2 ϩ/ϩ mice (Casq2 ϩ/Ϫ , 32Ϯ4.9 ms [nϭ7], versus Casq2 ϩ/ϩ 47Ϯ3.6 ms [nϭ6]; Pϭ0.02). VT was induced in 6 of 7 Casq2 ϩ/Ϫ mice (11 to 34 per mouse; 122 total). In Casq2 ϩ/ϩ mice, VT was induced significantly less frequently compared with Casq2 ϩ/Ϫ mice (Casq2 ϩ/ϩ , 2Ϯ1.5 episodes per mouse [nϭ6], versus Casq2 ϩ/Ϫ 17Ϯ1.6 episodes per mouse [nϭ7]; Pϭ0.007). Episodes longer than 10 seconds were observed in only Casq2 ϩ/Ϫ mice. Figure 3B (before isoproterenol) and 3C (after isoproterenol) illustrates the differences between Casq2 ϩ/Ϫ and Casq2 ϩ/ϩ mice.
These data demonstrate that modest reductions in Casq2 cause a CPVT phenotype in the absence of changes in triadin-1, junctin, SR volume, or any other detectable myocardial disease.
Casq2 ؉/؊ Myocytes Display Normal SR Ca 2؉ Release and Myocyte Contractility but Reduced SR Ca 2؉ Content
To examine the effect of reduced Casq2 protein on myocyte Ca 2ϩ handling, we measured [Ca 2ϩ ] i in isolated, field-stimulated (1 Hz) ventricular myocytes ( Figure 4A ). Twitch Ca 2ϩ transient amplitude ( Figure 4C ) and Ca 2ϩ transient decay kinetics ( Figure 4D) were not significantly different between the 2 groups of myocytes. Average diastolic Ca 2ϩ and myocyte contractile parameters (eg, fractional shortening) were also not significantly different between the 2 groups with and without isoproterenol (data not shown). However, time to peak Ca 2ϩ was slightly prolonged in Casq2 ϩ/Ϫ myocytes in the presence of isoproterenol (Casq2 ϩ/ϩ , 40Ϯ4 ms [nϭ19], versus Casq2 ϩ/Ϫ , 53Ϯ4 ms [nϭ24]; Pϭ0.02). Interestingly, in the presence of isoproterenol, a significantly larger fraction of Casq2 ϩ/Ϫ compared with Casq2 ϩ/ϩ myocytes displayed 1 or more spontaneous premature beats ( Figure 4B ) during the 1-Hz pacing protocol (38% versus 12%; PϽ0.01).
We next examined the SR Ca 2ϩ storage capacity using the height of the caffeine-induced Ca 2ϩ transient as a measure of total SR Ca 2ϩ content ( Figure 5A ). SR Ca 2ϩ content of Casq2 ϩ/Ϫ myocytes was not statistically different without isoproterenol stimulation ( Figure 5B ). In the presence of isoproterenol, however, SR Ca 2ϩ content was significantly decreased in Casq2 ϩ/Ϫ compared with Casq2 ϩ/ϩ myocytes ( Figure 5B ). Fractional SR Ca 2ϩ release ( Figure 5C ) and Ca 2ϩ current ( Figure 5D ) were not significantly different between the 2 groups of myocytes. Na/Ca exchanger function was estimated by the decay of cytosolic Ca 2ϩ during caffeine application 18 
Casq2 ؉/؊ Myocytes Display Premature Spontaneous SR Ca 2؉ Releases and Triggered Beats
We further quantified spontaneous SR Ca 2ϩ release events (SCRs) and triggered beats noted during the 1-Hz pacing experiments ( Figure 4B ) in a larger number of fieldstimulated ventricular myocytes loaded with Fura-2 AM. Figure 6A shows examples of SCRs and triggered beats recorded in a Casq2 ϩ/Ϫ myocyte exposed to isoproterenol. Among the 3 groups, in the absence of isoproterenol, there was no difference in rates of SCRs per minute (Casq2 ϩ/ϩ , 1.5Ϯ1. 1 (Figure 6B and 6C) . These results are consistent with the arrhythmia phenotype observed in vivo (compare Figure 2C ).
Diastolic SR Ca 2؉ Leak Is Increased in Casq2 ؉/؊ Myocytes
The decreased SR Ca 2ϩ content and increased rate of SCRs suggests that RyR2 channels are sensitized to effects of Ca 2ϩ on isoproterenol exposure in Casq2 ϩ/Ϫ myocytes. To test this idea more directly, we next estimated diastolic SR Ca 2ϩ leak using the tetracaine method, 10, 19 as illustrated in Figure 7A . In the presence of isoproterenol, SR Ca 2ϩ leak was significantly higher in Casq2 ϩ/Ϫ myocytes compared with Casq2 ϩ/ϩ myocytes ( Figure 7A and 7B) . Moreover, when diastolic SR Ca 2ϩ leak was prevented by application of tetracaine, the SR Ca 2ϩ content was no longer different between the two groups (Casq2 ϩ/ϩ , 1.45Ϯ0.05 [nϭ61], versus Casq2 ϩ/Ϫ , 1.44Ϯ0.05 [nϭ58]; Pϭ0.9). Thus, the lower SR Ca 2ϩ content of heterozygous mice ( Figure 5B ) appears to be the result of increased SR Ca 2ϩ leak.
It is well recognized that the rate of SR Ca 2ϩ leak increases in a quasiexponential fashion with increase in SR Ca 2ϩ content, likely as a result of the strong SR luminal Ca 2ϩ dependence of RyR2 channels. 19 Thus, the next experiment examined the effect of changes in SR Ca 2ϩ content (SR Figure 6 . Casq2 ϩ/Ϫ myocytes display spontaneous Ca 2ϩ release events and triggered beats on isoproterenol exposure. A, Representative example of triggered beats (T) during intracellular Ca 2ϩ transients recording in a Casq2 ϩ/Ϫ myocyte when exposed to 1 mol/L isoproterenol. Note the spontaneous Ca 2ϩ releases (S) between paced twitches. Comparison of the incidence of spontaneous Ca 2ϩ release events (B) and triggered beats (C) in the presence of isoproterenol. Data represent the average number of events per minute during a recording period of Յ20 seconds (Casq2 ϩ/ϩ myocytes, nϭ61; Casq2 ϩ/Ϫ myocytes, nϭ87; Casq2 Ϫ/Ϫ myocytes, nϭ66). *PϽ0.05, **PϽ0.01, ***PϽ0.001.
Ca 2ϩ "load") on SR Ca 2ϩ leak. Interestingly, the "leak-load" relationship remained intact but was left-shifted in Casq2 ϩ/Ϫ myocytes, when compared with Casq2 ϩ/ϩ myocytes ( Figure  7C ). However, the leftward shift was much smaller than what we previously reported for homozygous Casq2 Ϫ/Ϫ myocytes. 10 Collectively, these data demonstrate the role of Casq2 as a regulator of SR Ca 2ϩ release when SR Ca 2ϩ load is high. Even a modest 25% reduction of Casq2 protein attenuates the inhibitory effect of Casq2 on SR Ca 2ϩ release under highloading conditions.
The Relationship Between Free [Ca 2؉ ] SR and SR Ca 2؉ Leak Is Altered in Casq2 ؉/؊ Myocytes
It remains unclear whether Casq2 inhibits SR Ca 2ϩ release in intact myocytes by direct regulation of RyR2 channel complexes or indirectly by decreasing free Ca 2ϩ in the SR lumen ([Ca 2ϩ ] SR ). Thus, we next measured free [Ca 2ϩ ] SR in myocytes using the low-affinity Ca 2ϩ indicator Mag-Fura-2 AM. Free [Ca 2ϩ ] SR was quantified as the decrease in the fluorescence ratio during caffeine exposure ( Figure 8A ). We found no significant difference in free [Ca 2ϩ ] SR between Casq2 ϩ/ϩ and Casq2 ϩ/Ϫ myocytes ( Figure 8B ). Increasing extracellular [Ca 2ϩ ] to 5 mmol/L increased free [Ca 2ϩ ] SR to the same extent in both groups ( Figure 8B) , confirming that the Ca 2ϩ indicator Mag-Fura-2 was not saturated in our experimental conditions.
To exclude the possibility that the Mag-Fura-2 loading caused excessive intra-SR buffering and thereby abolished the differences between the 2 groups of myocytes, we simultaneously measured SR Ca 2ϩ leak and free [Ca 2ϩ ] SR using the protocol described in Figure 8C and plotted SR Ca 2ϩ leak as a function of free [Ca 2ϩ ] in the SR lumen ( Figure 8D ). This would also correct for any differences in SR Ca 2ϩ buffering by reduced Casq2. We found that the relationship between free [Ca 2ϩ ] SR and SR Ca 2ϩ leak was significantly different between Casq2 ϩ/Ϫ and Casq2 ϩ/ϩ myocytes: SR leak was similar at low free [Ca 2ϩ ] SR , but as the free [Ca 2ϩ ] SR increased, the leak became significantly higher in Casq2 ϩ/Ϫ than Casq2 ϩ/ϩ myocytes for the same free [Ca 2ϩ ] SR ( Figure  8D ). This result provides strong evidence for the direct regulation of RyR2 Ca 2ϩ release channels by Casq2 in intact myocytes.
Discussion
We have previously reported that deletion of Casq2 causes premature spontaneous SR Ca 2ϩ release, increased SR Ca 2ϩ leak, and CPVT. 10 However, the almost complete loss of triadin-1 and junctin and SR volume increase observed in the Casq2 Ϫ/Ϫ mice could contribute to their CPVT phenotype. 10 Here, we demonstrate that even a modest reduction (25%) in Casq2 protein in the presence of normal levels of triadin-1 and junctin increases arrhythmia susceptibility. Thus, loss of triadin-1 and/or junctin is not necessary for a CPVT phenotype. Our results reveal the importance of Casq2 as a regulator of SR Ca 2ϩ release and suggest that maintaining normal Casq2 protein levels is critically important to prevent cardiac arrhythmias during a catecholamine surge.
Studies in adult rat myocytes that were acutely transfected with adenoviral vector containing antisense canine calsequestrin cDNA displayed reduced Casq2 levels by Ͼ50%. This resulted in a 30% reduction in caffeine-releasable SR Ca 2ϩ content and an increased incidence of spontaneous SR Ca 2ϩ releases on isoproterenol exposure. 20 Our results are also consistent with recent work demonstrating that increasing SR Ca 2ϩ leak only produces Ca 2ϩ waves if SR Ca 2ϩ content is maintained by maneuvers such as ␤ adrenergic stimulation. 21 Based on our results in heterozygous Casq2 ϩ/Ϫ mice, humans with only 1 functional CASQ2 allele will likely have reduced cardiac CASQ2 protein. Interestingly, whereas most humans heterozygous for CASQ2 mutations appear asymptomatic, CPVT has been described in an individual heterozygous for the nonsense R33X CASQ2 mutation. 11 Two of relatives of the patient (eg, maternal grandfather and uncle) had a milder CPVT phenotype detectable only during exercise tests. 11 Based on our data from the heterozygous Casq2 ϩ/Ϫ mouse model that mimics the human disease genotype, the increase in arrhythmia susceptibility may be explained by increased SR Ca 2ϩ leak, which in turn can cause delayed afterdepolarizations and ventricular arrhythmias.
We found that VT could be induced in Casq2 ϩ/Ϫ mice by programmed ventricular stimulation but not during exercise testing. These findings are similar to the R176Q RyR2 mutation murine model, which also displays CPVT with programmed stimulation in the presence of isoproterenol but has no sustained VT after isoproterenol or exercise challenge. 17 Similar to our results, the R176Q RyR2 mutation also causes SR Ca 2ϩ leak and spontaneous SR Ca 2ϩ releases at high SR load, 22 suggesting that in mice, the Casq2 ϩ/Ϫ heterozygous phenotype is comparable to the RyR2 mutation in causing CPVT. 23 Although the role of invasive electrophysiological testing in CPVT is not established in humans, our data suggest that heterozygous carriers of CASQ2 nonsense mutations may have an increased risk for inducible arrhythmias.
At high SR Ca 2ϩ loads, Ca 2ϩ leak increases proportional to the degree of Casq2 reduction (Figures 7 and 8 and Knollmann et al 10 ) . Interestingly, at low SR Ca 2ϩ load, SR Ca 2ϩ leak is not different among Casq2 ϩ/ϩ , Casq2 ϩ/Ϫ , and Casq2 Ϫ/Ϫ myocytes. Collectively, these findings demonstrate the importance of Casq2 as a modulator of SR Ca 2ϩ release at higher SR Ca 2ϩ content. Moreover, these data also suggest that Casq2 is not as important in modulating SR Ca 2ϩ release at relatively low SR Ca 2ϩ content.
The exact mechanism whereby Casq2 inhibits SR Ca 2ϩ release at high SR Ca 2ϩ load is controversial. It has been hypothesized that luminal SR Ca 2ϩ buffering by Casq2 may decrease free [Ca 2ϩ ] SR . Given the strong luminal Ca 2ϩ dependence of RyR2 channels, 12, 13, 24 open probability will be reduced. 25 Alternatively, Casq2 protein may directly or in conjunction with triadin-1 and/or junctin modulate the open probability of the RyR2 channel. Consistent with the latter hypothesis, reports suggest that Casq2 dissociates from the triadin/junctin/RyR2 complex at high SR luminal [Ca 2ϩ ], resulting in a dramatically increased open probability of RyR2 Ca 2ϩ release channels. 14 Our present results support the latter hypothesis and provide evidence in intact myocytes that Casq2 inhibits SR Ca 2ϩ release channels directly and not only through modulation of free [Ca 2ϩ ] SR .
We cannot exclude that other mechanisms (eg, changes in K ϩ currents or electrogenic ion exchangers) contribute to the arrhythmia phenotype of Casq2 ϩ/Ϫ mice. However, Na/Ca exchanger function was not statistically different between the 2 groups as estimated by the decay kinetics of caffeine transients. Given the normal QTc interval, contractile function, and heart size of the Casq2 ϩ/Ϫ mice, 10 the possibility of K ϩ channel dysfunction causing CPVT also appears much less likely. Another limitation is that we used the tetracaineinduced drop in diastolic Fura-2 fluorescent ratio as an estimate of diastolic SR Ca 2ϩ leak ( Figure 7A ). Given the nonlinear relationship between Ca 2ϩ and fluorescence ratio and the nonlinear buffering properties of the cytoplasm, 26 our results cannot be directly compared with Ca 2ϩ leak rates obtain in other studies. 16, 27 The finding that even a modest decrease in Casq2 increases arrhythmia susceptibility has potential clinical implications. For example, a number of antidepressant, neuroleptic, and chemotherapeutic agents have been shown to bind to Casq2 in vitro. 28 Based on the results from the Casq2 ϩ/Ϫ mice, even a modest disruption of Casq2 function by drugs may result in clinically significant proarrhythmia. Thus, interactions with Casq2 may have contributed to the increased risk of sudden cardiac death associated with high doses of tricyclic antidepressants. 29 Equally important, individuals with only 1 functional CASQ2 allele may be at increased risk for ventricular arrhythmia and sudden death.
We have previously suggested the role of Casq2 as a "molecular safety switch," especially at high SR Ca 2ϩ content, preventing spontaneous SR Ca 2ϩ releases, Ca 2ϩ oscillations, and CPVT. 10 Our new results demonstrate the underlying mechanism: Casq2 regulates SR Ca 2ϩ release channels independent of its function as a Ca 2ϩ buffer in the SR lumen. As a result, even a 25% reduction of Casq2 is sufficient to cause catecholamine-induced premature spontaneous SR Ca 2ϩ releases in myocytes and predisposition to CPVT in vivo.
